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ABSTRACT: NMR studies of protein denatured states provide insights into potential initiation sites for
folding that may be too transient to be observed kinetically. We have characterized the structure and
dynamics of the acid-denatured state of protein G by using a F30H mutant of GB1 which is on the margin
of stability. At 5 °C, F30H-GB1 is greater than 95% folded at pH 7.0 and is greater than 95% unfolded
at pH 4.0. This range of stability is useful because the denatured state can be examined under relatively
mild conditions which are optimal for folding GB1. We have assigned almost all backbone15N, HN, and
HR resonances in the acid-denatured state. Chemical shift, coupling constant, and NOE data indicate that
the denatured state has considerably more residual structure when studied under these mild conditions
than in the presence of chemical denaturants. The acid-denatured state populates nativelike conformations
with bothR-helical andâ-hairpin characteristics. To our knowledge, this is the first example of a denatured
state with NOE and coupling constant evidence forâ-hairpin character. A number of non-native turn
structures are also detected, particularly in the region corresponding to theâ1-â2 hairpin of the folded
state. Steady-state{1H-15N} NOE results demonstrate restricted backbone flexibility in more structured
regions of the denatured protein. Overall, our studies suggest that regions of the helix, theâ3-â4 hairpin,
and theâ1-â2 turn may serve as potential initiation sites for folding of GB. Furthermore, residual structure
in acid-denatured F30H-GB1 is more extensive than in peptide fragments corresponding to theâ1-â2,
R-helix, andâ3-â4 regions, suggesting additional medium-to-long-range interactions in the full-length
polypeptide chain.

Protein G is a multidomain component of the cell wall of
streptococcal species from the Lancefield group G and binds
to all subclasses of human IgG by the constant Fc region
(1-3). Depending on the strain, protein G contains two or
three IgG-binding domains, denoted here as GB. Several
protein G genes have been cloned and sequenced (4, 5).
Protein G is organized into functional domains similar to
staphylococcal protein A (6), and the IgG-binding domains
are similar in size. These GB domains consist of 56 amino
acids and are independent folding units that have been
characterized structurally using both NMR (7-9) and X-ray
crystallographic methods (10-12).

The GB domain has been used as a prototypical model
system for the study of protein folding and stability (13-
22). It is on the lower limit in size for a stable unique protein
structure and achieves its stability without disulfide bonds
or tight ligand binding. The thermodynamic parameters for
the unfolding reaction have been determined calorimetrically
(13) and also from hydrogen exchange measurements (15,
17). In the most general features, the energetics of folding
are similar to globular proteins of much larger size. The
kinetics of folding and unfolding for two GB domains, GB1

and GB2, have been measured using stopped-flow mixing
methods and analyzed according to transition state theory

(14). GB contains no prolines, and the kinetics of folding
and unfolding fit to a single, first-order rate constant over
the temperature range of 5-35 °C with rates of around 200
s-1 at pH 7. Pulse-labeling experiments are consistent with
these studies and show that the polypeptide chain folds
rapidly with a half-life of 5 ms (16).

When folding is this fast it is very difficult to obtain a
picture of the order in which events take place on the folding
pathway(s). Peptide fragments can be synthesized, and this
provides a useful way of understanding which secondary
structural motifs are the most stable (e.g., see refs23-27).
An obvious limitation here is that any long-range interactions
that may be important in stabilizing transient intermediates
in the folding process will not be detected. Another approach
is to look for residual structure in the denatured states of
proteins using multidimensional NMR spectroscopy. Iden-
tification of such residual structure, defined as any deviation
from random coil (φ,ψ)-space, may provide insights into
potential initiation sites for folding that may be too transient
to be observed kinetically. These types of studies have the
added advantage that the full polypeptide chain is used for
the structural analysis. This strategy has been used effectively
for structural characterization of a number of protein
denatured states including the 434 repressor (28), barnase
(29-31), staphylococcal nuclease (32, 33), the FK506
binding protein (34), drkN SH3 domain (35-37), barstar
(38), an immunoglobulin superfamily domain (39), and
apomyoglobin (40). It is important to emphasize here that
these studies do not determine unique or stable structures
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but rather any conformational preferences within the en-
semble that comprises the “unfolded state”.

One problem with this approach is choosing a suitable way
of denaturing the protein in question. Recent studies compar-
ing different methods of denaturation in the SH3 domain
(35, 36) and barnase (30) showed that denatured states
studied under relatively mild conditions using changes in
pH or ionic strength have considerably more residual
structure than denatured states generated with chaotropic
agents such as urea or guanidine hydrochloride. Therefore,
with regard to these types of NMR studies, there are distinct
advantages to studying denatured states under conditions that
favor folding (at least weakly), and these will probably also
be more biologically relevant.

Since wild-type GB1 is stable over a wide range of solution
conditions from pH 2 to pH 10 (13, 19), there appear to be
no simple alternatives to the use of chemical denaturants. A
previous study on the denatured state of GB1 in 7.4 M urea
at pH 2 indicated that the protein is essentially random coil
under these conditions (41). Our approach has been to design
a mutant of GB1 which is on the margin of stability. Mutation
of F30, which is buried in the hydrophobic core of the protein
(Figure 1), to a histidine provides a simple proton-linked
switch for reversible folding and unfolding under relatively
mild conditions. At 5°C, F30H-GB1 is greater than 95%
folded at pH 7.0 and is greater than 95% unfolded at pH
4.0. This paper describes structural and dynamic character-
ization of the acid-denatured state of F30H-GB1 using NMR
spectroscopy. We show that this denatured state contains a
significant population of nativelike structure with both
R-helical andâ-hairpin characteristics. To our knowledge,
this is the first example of a denatured state with NOE and
coupling constant evidence forâ-hairpin character. We also
observe non-native NOEs consistent with helix or turn
structures in a region corresponding to aâ-strand in the native
state. This result is similar to recent findings for the drkN
SH3 domain denatured under mild conditions (35-37).
Overall, our structural studies suggest that theâ1-â2 turn,

regions of theR-helix, and theâ3-â4 hairpin may serve as
potential initiation sites for folding in protein G. These results
are complemented by steady-state{1H-15N} NOE measure-
ments that indicate restricted motions on the picosecond to
nanosecond time scale in these regions. In addition, our
results are compared with findings from peptide fragment
and computational studies on the folding of protein G.

MATERIALS AND METHODS

Cloning and Expression.Uracil containing single-stranded
DNA was obtained by superinfectingE. coli RZ1032
harboring pG7 (13) with M13K07 using the method of
Kunkel (42). Site-directed mutagenesis was performed using
standard molecular biology techniques. Mutations were
confirmed by sequencing of inserts according to the Seque-
nase protocol (U. S. Biochemical). Expression,15N-labeling,
and purification were as described previously (13, 17).
Samples were stored at 3.8 mg/mL in 10% glycerol in 50
mM potassium phosphate buffer (pH 7.5) at-20 °C.

Kinetic Analysis. Folding kinetics were measured using a
KinTek Stopped-Flow model SF2001 (excitationλ ) 295
nm, emission) 340 nm cutoff filter). F30H-GB1 was
denatured by dissolving lyophilized protein in 0.1 M H3-
PO4. The sample was neutralized by mixing the protein/H3-
PO4 solution into an equal volume of 0.2 M potassium
phosphate, pH 11.9, in the KinTek Stopped-Flow (final buffer
concentrations were 0.15 M KPi, pH 7.6). The final
concentration of F30H-GB1 was 2µM. Ten kinetics traces
were collected and averaged.

Circular Dichroism. Circular dichroism (CD) measure-
ments were performed with a Jasco spectropolarimeter,
model J-720, using water-jacketed quartz cells with path
lengths of 1 cm, 1 mm, or 0.1 mm depending on F30H-GB1

concentrations which ranged from 5 to 800µM. Temperature
control was provided by a Neslab RTE-110 circulating water
bath interfaced with a MTP-6 temperature programmer. Far-
UV wavelength scans were recorded at 25°C from 250 to
190 nm. Typically, the average for five CD spectra is
presented. The ellipticity results were expressed as mean
residue ellipticity (MRE) in units of deg cm2 dmol-1.

Temperature-induced unfolding of F30H-GB1 was per-
formed in the temperature range between 0 and 60°C in a
0.01 cm cuvette. Ellipticities at 222 nm were continuously
monitored at a scanning rate of 1°C/min. Reversibility of
the denaturations was confirmed by comparing the CD
spectra at 25°C before and after cooling or heating. The
reversibility was about 80%.

Steady-state fluorescence measurements were made using
a SPEX FluoroMax spectrofluorimeter.

NMR Sample Preparation.NMR samples were prepared
by concentrating the stock solution to either 0.5 mM or 2.2
mM F30H-GB1 in 50 mM potassium phosphate buffer, pH
7.0, using a Centricon 3 kDa cutoff filter (Amicon). Care
was taken to ensure complete removal of glycerol, and
samples contained 10% D2O/90% H2O. The pH was then
adjusted to either 7.4, 5.5, or 3.5 with a Sentron microelec-
trode using sodium hydroxide or HCl solutions. The final
sample volume for NMR analysis was 0.45 mL. For
titrations, the sample was prepared similarly and the pH was
adjusted from 7.3 to 2.2.

NMR Spectroscopy. NMR spectra were recorded on Bruker
DRX-500 and DRX-600 spectrometers equipped with 3-axis

FIGURE 1: X-ray structure of wild-type GB1 (11) showing the
positions of F30 and neighboring residues. MOLSCRIPT (87) was
used to generate the figure.

966 Biochemistry, Vol. 39, No. 5, 2000 Sari et al.



gradient probes. Data were processed on Silicon Graphics
work stations using Azara (W. Boucher, unpublished results)
or NMRPipe (43). Two-dimensional homonuclear TOCSY
(44) and NOESY (45) experiments were recorded at 5 and
25 °C using a WATERGATE solvent suppression scheme
(46) with a spectral width of 6024 Hz (at 500 MHz), 4K
complex points, and a relaxation delay of 1-2 s. Mixing
times for the TOCSY and NOESY were 55 and 150 ms,
respectively. Two-dimensional1H-15N HSQC spectra were
recorded in States-TPPI mode using a gradient water flip-
back scheme for solvent suppression (47). 15N-Decoupling
during t2 was achieved using a GARP sequence (48) with
spectral widths in the1H and 15N dimensions of 7788 and
2032 Hz, respectively, at 600 MHz. HSQC spectra typically
consisted of 256t1 increments of 1K complex points with 8
scans per increment.

Three-dimensional15N NOESY-HSQC and15N TOCSY-
HSQC (49) experiments were recorded at 600 MHz with
mixing times of 100 and 250 ms (NOESY) and 55 ms
(TOCSY), at 5 and 25°C. For the15N NOESY-HSQC
experiment, 76t1, 35 t2, and 512t3 complex points were
utilized with spectral widths of 7862, 2007, and 7862 Hz
(F1, F2, F3). For the15N TOCSY-HSQC experiment, 60×
20 × 512 complex points were collected in thet1 × t2 × t3
dimensions with spectral widths of 7788, 2007, and 7788
Hz (F1, F2, F3) utilizing the DIPSI-2 mixing sequence (50,
51). In addition, 3D15N HMQC-NOESY-HSQC spectra
(52) were acquired with a 250 ms mixing time and 40× 40
× 512 complex points int1 × t2 × t3 using the spectral widths
of 2007, 2007 and 7862 Hz inF1, F2, andF3, respectively.
The 3D HNHA experiment (53, 54) was recorded as 67×
32 × 512 complex points int1 × t2 × t3 dimensions with
spectral widths of 7801, 3049, and 7788 Hz (F1, F2, F3) at
5 °C, 600 MHz. In all 3D experiments, a relaxation delay
of 1 s was used with 16 or 32 transients per increment, and
15N-decoupling during acquisition was achieved using a
WALTZ-16 sequence (55).

The steady-state{1H-15N} NOEs were measured using
1H-15N correlation spectra with a gradient-selected, sensitiv-
ity-enhanced pulse sequence as described by Farrow et al.
(56). A relaxation delay of 2 s prior to a 3 s proton
presaturation period was employed for the experiments with
NOE, and presaturation was applied 4 MHz off-resonance
with the same recycling delay (5 s) for the experiments
without NOE. NOE measurements were done the same way
at 0, 5, 10, 15, 25, and 40°C at 500 MHz with the exception
of a 4 srelaxation delay prior to a 3 sproton presaturation
period at 40°C. For all the{1H-15N} NOE experiments,
the spectral widths were 6010 and 1673 Hz inF2 and F1,
respectively. NOE experiments were collected as 128× 1024
complex point data sets with 16 scans pert1 point, and a
WALTZ-16 sequence was used for15N-decoupling during
t2. The NOEs were calculated from the ratios of the peak
heights in the spectrum recorded with proton saturation to
the peak heights in the spectrum recorded without saturation.

RESULTS

ReVersible Acid Denaturation of F30H-GB1. Circular
dichroic spectra in the far-UV region were used to determine
the apparent equilibrium constant for folding of F30H-GB1

as a function of pH and temperature. Figure 2A shows the

CD spectra of wild-type GB1, F30H-GB1 in 0.1 M potassium
phosphate pH 7.2 at 25°C, and F30H-GB1 in 0.1 M sodium
acetate, pH 3.8 at 25°C. F30H-GB1 appears from CD to be
75% folded at 25°C. At pH 3.8 and 25°C, the CD spectrum
of F30H-GB1 is similar to that expected of a largely random
coil structure with a minimum ellipticity at 200 nm.

The temperature unfolding profile of F30H-GB1 at pH 7.2,
as monitored at 222 nm, is presented in Figure 2B. F30H-
GB1 appears to be greater than 95% folded at 5°C based on
comparison with the CD spectrum of GB1 (Figure 2A). The
midpoint of the thermal transition occurs around 35°C.
Therefore, mutation at this position decreases the thermal
stability of the protein significantly from wild-type GB1 where
the Tm is 88 °C under similar conditions (13).

The pH-dependent stability of F30H-GB1 was also char-
acterized at 5°C using two-dimensional1H-15N HSQC
spectra (Figure 3A). At pH 7.4, the HSQC spectrum of
F30H-GB1 is well dispersed in both the1H and15N dimen-
sions, consistent with a folded protein. At pH 3.5, the main
chain amide protons are poorly dispersed in the1H dimen-
sion, consistent with an unfolded protein. Between these two
extremes of pH, the HSQC spectra show two sets of signals
corresponding to the folded and unfolded states in slow
exchange. A plot of fraction folded, judged from the peak
intensity of the W43 NεH signal, versus pH shows a midpoint
near pH 5.5 where the folded and unfolded states are in an
approximately 1:1 equilibrium mixture (Figure 3B). Raising
the pH back to 7.4 from 3.5 leads to reversible refolding of
the protein based on the HSQC spectrum.

FIGURE 2: (A) CD spectra of F30H-GB1 at pH 7.2 (folded, solid
line) and pH 3.8 (unfolded, dashed line). The spectrum of wild-
type GB1 at pH 7.2 (dotted line) is included for comparison purposes.
(B) Thermal melt for F30H-GB1 at pH 7.2 obtained by monitoring
the ellipticity at 222 nm as a function of temperature.
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Kinetics of Folding.We have measured the rate of F30H-
GB1 folding at pH 7.6, 20°C, as described under Materials
and Methods. The protein was denatured at pH 2.3 and then
renatured by jumping the pH to 7.6. F30H-GB1 contains one
tryptophan (W43) which is largely buried in the native state.
Thus, the extent of folding can be monitored by an increase
in tryptophan fluorescence versus time.

The kinetic curve for refolding of F30H-GB1 can be fitted
to a first-order equation with a single rate constant of 104
s-1 (Figure 4). GB contains no prolines which could introduce
complexity in the refolding rate due to cis-trans isomer-
ization. The residuals of data minus fit are randomly
distributed around zero, indicating that no other kinetic
phases are observable. By comparison, the folding rate of
GB1 under these conditions is 180 s-1. Fluorescence increases
by a factor of 6.3 during the folding of F30H-GB1. This is
the maximum amplitude expected from steady-state fluo-

rescence measurements at pH 2.3 and 7.6. These observations
indicate that intermediates which partially bury W43 do not
accumulate during the folding reaction of F30H-GB1. Also,
while the F30H substitution destabilizes the native state by
about 5 kcal mol-1, it has little effect (ca. 0.5 kcal mol-1)
on the energy of the transition state for folding.

Resonance Assignments in NatiVe and Acid-Denatured
F30H-GB1. Backbone and side-chain assignments at pH 7.4,
5 °C, were obtained from 2D homonuclear spectra (TOCSY
and NOESY) and 3D heteronuclear spectra (15N NOESY-
HSQC and15N TOCSY-HSQC). Assignments for the acid-
denatured state were also made from a combination of
experiments. At pH 5.5, exchange cross-peaks were detected
between amides in the folded and unfolded states in a 3D
15N NOESY-HSQC spectrum recorded at 5°C. Using
known assignments for folded amides, approximately 40%
of the backbone NHs in the unfolded state were assigned
from this spectrum. The remaining backbone NH assign-
ments were made using a 3D15N HMQC-NOESY-HSQC
experiment at pH 3.5 (31, 57). This experiment takes
advantage of the fact that15N shifts are well-dispersed even
in unfolded proteins (Figure 3A) and uses two15N dimen-
sions to obtain unambiguous sequential HN-HN (i, i+1)
assignments (Figure 5). In combination with15N TOCSY-
HSQC and NOESY-HSQC spectra, backbone HR, HN, and
15N resonance assignments were obtained for 53 out of 56
residues in the acid-denatured state at 5°C.

Chemical Shifts.The chemical shift index (∆δ ) δobs -
δrc), a particularly sensitive indicator of secondary structure,
was used to compare1HR chemical shifts in the native and
acid-denatured states with random coil values (58-61). Cor-
rections were made for nearest-neighbor contributions of
aromatic groups using methods described previously (62, 63).
Based on the magnitude and direction of the difference∆δ,
native F30H-GB1 has the same secondary structure pattern
as wild-type GB1 (Figure 6A). For acid-denatured F30H-GB1,
the ∆δ values are much smaller with maximum values of
(0.2 ppm. This is because residual structures are weakly
populated and chemical shifts are a linear average of all con-
formers present. The results summarized in Figure 6B indi-
cate the presence of some residual nativelike structure in the
R-helix. However, the chemical shift data alone do not pro-
vide conclusive information about the presence ofâ-hairpins
in the denatured state.15N and HN shifts were also compared
with their random coil values, but no meaningful conclusions
could be made (data not shown). Previous work has sug-

FIGURE 3: (A) 1H-15N HSQC spectra of F30H-GB1 as a function
of pH at 5°C. At pH 7.4, the protein is fully folded whereas at pH
3.5 it is denatured. At pH 5.5, a 1:1 mixture of folded and unfolded
states exists in slow exchange. The cross-peak due to the W43
indole proton is labeled for both native (W43ε) and denatured
(W43ε′) states. (B) Fraction of folded protein versus pH measured
at 5°C from the W43 indole proton peak intensity as a function of
pH.

FIGURE 4: Plot of tryptophan fluorescence versus time for F30H-
GB1 at pH 7.6, 20°C.
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gested that these shifts have significant sequence-dependent
components that are still not well understood (62, 64).

Amide temperature coefficients were measured for the
acid-denatured state at pH 3.5 and were compared with
temperature coefficients for peptide fragments corresponding
to the â1-â2, R-helix, and â3-â4 regions (25). The
temperature coefficients in theâ1-â2 andR-helical regions
of F30H-GB1 are similar to those for the corresponding
peptide fragments (Figure 7). However, amide temperature
coefficients are significantly larger in theâ3-â4 peptide
fragment than in the corresponding region of F30H-GB1,
particularly for T44 and T53. The large values in the peptide
fragment are due to a structural transition from folded hairpin
to random coil when the temperature is raised from 5 to 35
°C (25). Therefore, the smaller temperature coefficients in
theâ3-â4 region of acid-denatured F30H-GB1 suggest that
the nascentâ3-â4 hairpin conformation is more stable in
the full-length polypeptide chain than in the isolated peptide

FIGURE 5: Strip plot from a 3D15N HMQC-NOESY-HSQC spectrum of F30H-GB1 at pH 3.5, 5°C, showing HN-HN sequential and
nonsequential assignments in a portion of the polypeptide chain. Autopeaks are represented by the letter d. Gray characters indicate spectral
overlaps.

FIGURE 6: Comparison of∆δ1HR conformational shifts (observed
HR shift - random coil HR shift) in F30H-GB1 at (A) pH 7.3 (folded)
and (B) pH 3.5 (unfolded). Chemical shifts are for data recorded
at 5 °C.

FIGURE 7: Amide proton temperature coefficients (-ppb/K) for
F30H-GB1 at pH 3.5 (filled circles) and for the peptide fragment
from residues 1-20 (open squares), fragment 21-40 (open
triangles), and fragment 41-56 (open circles). The peptide fragment
data are taken from ref25. Both the F30H-GB1 and peptide fragment
data were measured over a temperature range of 5-35 °C.
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FIGURE 8: Summary of backbone NOE connectivities and3JHNHR values for F30H-GB1 at (A) pH 7.5 and (B) pH 3.5, at 5°C. TheR-value
is defined as the ratio of the intensity ofdNN(i, i+1) to the intensity ofdRN(i, i+1). Elements of secondary structure are shown above the
protein sequence. The thickness of the NOE connectivities reflects the relative NOE intensities observed in 250 ms mixing time 3D15N
NOESY-HSQC and15N HMQC-NOESY-HSQC spectra. Gray lines refer to ambiguities in the measurements due to resonance overlap.
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fragment. Further data, described under Discussion, also
support this idea.

NOEs. For native F30H-GB1, the sequentialdRN(i, i+1)
and dNN(i, i+1) connectivities are consistent with a wild-
type GB1 fold (Figure 8A). StrongdRN(i, i+1) and weakdNN-
(i, i+1) NOEs are observed for residues 3-9, 12-20, 42-
46, and 51-55, corresponding toâ-strand regions (65).
StrongdNN(i, i+1) and weak-to-mediumdRN(i, i+1) NOEs
are detected for residues 10-11, 24-38, and 47-50,
corresponding to turn/helix regions. Further support for a
wild-type global fold is evident from NOEs involving side
chains (not shown).

In acid-denatured F30H-GB1, sequentialdRN anddNN NOEs
are observed throughout the polypeptide chain as in other
unfolded proteins (e.g., see refs36, 38). However, these
sequential NOEs have limited meaning in both short peptides
and unfolded proteins as they can be satisfied by multiple
conformational states. A more useful parameter is the
R-value, whereR is the intensity ofdNN(i, i+1)/intensity of
dRN(i, i+1). This provides a measure of the residues
populating theR-region of (φ,ψ)-space (36, 66). TheR-values
show that the acid-denatured state contains some residual
turn/helix structure for residues 8, 9, 14, 22, 28-30, 33, 34,
and 38-40 (Figure 8B). AdditionalR-values could not be
obtained due to peak overlap or line broadening. Residual
turn/helix structure is further supported by a series of
nonsequential (i, i+2), (i, i+3), and (i, i+4) dRN and dNN

NOEs for residues 8, 9, 14, 18, 19, 21-23, 25-29, 34-36,
and 39 (Figure 8B and Figure 9). Further unambiguous NOEs
in the helical region could not be obtained due to peak
overlap. It is interesting to note that a number ofdNN and
dRN(i, i+2) and (i, i+3) connectivities detected in the acid-
denatured state are not observed in the folded state. Specif-
ically, the NOEs I6HR-N8HN, N8HR-T11HN, N8HR-
L12HN, G14HR-T16/T17HN, T18HN-A20HN, E19HN-
V21HN, and V39HR-G41HN are non-native (Figure 9).

Short-range NOEs cannot be used to distinguish between
â-sheet and random coil structure since both populate the
same region of (φ,ψ)-space (67, 68). The only unambiguous
way to defineâ-sheet regions is through the use of long-
range interstrand NOEs. In this study, only one clear-cut
long-range NOE, from G41HR to T55HN, was detected
(Figure 9), and this NOE also occurs in the native state. This
part of the polypeptide chain is therefore loosely constrained
to â-hairpin type conformations. No additional interstrand
NOEs are observed in this region, and amide proton signals
for residues 42-55 are significantly line broadened at 5°C
where these NOE experiments were carried out (see below).
The amide signals for these residues are slightly more intense
at 20°C, but still no other interstrand NOEs could be detected
in this part of the polypeptide chain.

Coupling Constants.Coupling constants were obtained from
a 3D HNHA experiment using the method of Vuister and
Bax (53). For the folded state at pH 7.5 and 5°C, the cou-
pling constants are consistent with the secondary and tertiary
structure determined from chemical shifts and NOEs (see
above). Typical3JHNHR values are in the 8-11 Hz range for
residues inâ-strands and 4-7 Hz for residues in theR-helix
(Figure 8A). An exception is N37 in the C-terminus of the
helix which has a3JHNHR coupling constant of 10 Hz. This
is similar to the3JHNHR value obtained for this residue in a
GB2 domain using 2D DQF-COSY and HMQC-J spectra (8).

For the acid-denatured state at pH 3.5 and 5°C, 3JHNHR

values range from 5.2 to 9.7 Hz (Figure 8B). Residues
corresponding to theR-helix region in the folded state also
have relatively low3JHNHR values in the acid-denatured state
ranging from 5.2 to 7.9 Hz. However, these coupling
constants are not as low as in the folded state due to rapid
exchange with random coil conformations. The highest
coupling constants in this region are for Y33 (7.9 Hz) and
N37 (7.9 Hz). Four residues have3JHNHR values greater than
8 Hz: T44 (9.2 Hz), T49 (8.8 Hz), T51 (9.5 Hz), and F52
(9.7 Hz), consistent with population of extendedâ-strand
type conformations. These all occur in the region corre-
sponding to theâ3-â4 hairpin in the folded state. The3JHNHR

coupling constants also appear to depend on residue type to
some extent (Figure 10), with alanine residues giving
consistently lower3J values as observed previously (36, 38,
65, 69).

Line Broadening. Peak intensities were used as indicators
of line broadening effects in analogy with the work of Wong
et al. (38). The intensities of all HSQC peaks increase as
the temperature is raised to 20°C (Figures 11 and 12).
However, the profile for the intensity versus residue number
curve is similar at both 0°C and 20°C. The most intense
peaks are in a region corresponding to theâ2-strand in the
folded protein and containing non-native turn-like interactions
in the unfolded state. A decrease in peak intensity is observed
toward the C-terminus, with residues 42-55 having the most

FIGURE 9: Summary of the nonsequential backbone NOEs in acid-
denatured F30H-GB1 at pH 3.5, 5°C, superimposed on the native
structure of GB1. Blue spheres indicate main chain amide nitrogens.
Gray spheres indicate main chain CR atoms. NonsequentialdRN NOE
connectivities are represented with red lines whiledNN contacts are
shown in blue. The long-range NOE from G41 HR to T55 HN is
shown in yellow. Only unambiguous NOEs are displayed.

Structure and Dynamics of Acid-Denatured Protein G Biochemistry, Vol. 39, No. 5, 2000971



significant line broadening. Our results are different from
those for the cold-denatured state of barstar where peak
intensities are higher at the N- and C-termini of the poly-

peptide chain, and the highest intensities are observed at the
C-terminal region (38).

Steady-State{1H-15N} NOEs.Backbone flexibility was
probed for individual residues in the acid-denatured state on
the picosecond to nanosecond time scale using{1H-15N}
steady-state NOE measurements as a function of temperature
from 5 to 40°C (Figure 13). Positive{1H-15N} steady-state
NOEs indicate regions of restricted backbone motions
proportional to the size of the NOE, while negative values
indicate regions with rapid (<1 ns) large-amplitude backbone
motions. At 5°C, positive NOEs (0.1-0.4) are observed
for residues 10, 22-48, and 54-55, indicating that these
are the most conformationally restricted parts of the polypep-
tide chain. These residues are located in theâ1-â2 turn,
the helix-loop-â3 region, and the C-terminus of theâ4-
strand, respectively, in the folded state (Figure 14). Negative
NOEs (-0.1 to -0.8) are detected for residues 2-6, 50-
52, and 56. These residues are in regions corresponding to
theâ1-strand andâ4-strand of the folded state, respectively.

FIGURE 10: Plot of 3JHNHR coupling constants versus amino acid
residue type. Open circles denote the experimental data obtained
for F30H-GB1 in its acid-denatured state (pH 3.5) at 5°C, and
crosses correspond to the predicted3JHNHR values for each residue
type in the random coil state (69). The most notable differences
from random coil values are observed for residues T44, T51, and
F52.

FIGURE 11: Plot of amide peak intensities from HSQC spectra in arbitrary units versus residue number for acid-denatured F30H-GB1 at pH
3.5. Peak intensities were measured at 0°C (open circles) and 20°C (filled circles).

FIGURE 12: Section of the1H-15N HSQC spectrum of acid-denatured F30H-GB1 (pH 3.5) as a function of temperature, demonstrating the
wide variation in peak intensities. The amide signals of T44, T51, and T53 are significantly line broadened and have low intensity, even
at 20°C, while the other resonances in this section maintain relatively narrow line widths.
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At 25 °C, nearly all{1H-15N} NOEs are negative with a
pattern similar to the 5°C data, indicating that the backbone
dynamics profile is preserved despite the increased mobility
(Figure 13). At 40°C, NOEs are more negative (∼-1.0)
than they are at 25°C (∼-0.4), and the pattern changes,
particularly at the C-terminus where residues 48 and 51 now
have similar NOEs and residue 55 has a strong negative
NOE. The results at 40°C show that there are increased
large-amplitude motions (∼1 ns) everywhere in the protein
relative to the 5°C and 25°C data, with more mobility at
the C- and N-termini, a common feature for unfolded proteins
(41, 70-74).

DISCUSSION

Residual Structure in the Acid-Denatured State.The F30H
mutation in GB1 provides a convenient switch for reversibly
unfolding protein G under relatively mild, weakly folding
conditions. This mutant unfolds as the pH is lowered below
7, presumably due to protonation of the H30 residue, with a
pH midpoint around 5.5 at 5°C. This midpoint is close to
the pKa for a solvent-exposed histidine. Since the F30H
mutant is thermally destabilized relative to wild-type, it is
likely that the H30 group is transiently solvent-exposed.
Protonation of this transient species would then shift the equi-
librium toward the unfolded state. Denatured states studied
under such weakly folding conditions have been shown to
be more structured than in the presence of chaotropic reagents
(30, 35, 36). Moreover, these weakly folding conditions may
be more relevant to protein folding in vivo.

In such denatured states, polypeptide chain conformations
are an ensemble average, but one can obtain conformational
preferences for this ensemble utilizing information from
chemical shifts, coupling constants, and NOEs. Residual
structure, defined here as any deviation from random coil
(φ,ψ)-space, is likely to be weakly populated, and parameters
obtained are a weighted average which is dominated by the
random coil contribution to the ensemble. In the case of
chemical shifts, this weighting is a linear average, and there-
fore deviations from random coil values are typically quite
small. Similarly, 3JHNHR values are not usually a sensitive
indicator of residual structure in unfolded proteins (e.g., see
ref 38). However, the NOE has a 1/r6 bias toward the
observation of short distances (<5 Å) and represents the best
chance of detecting residual structure in unfolded states of
proteins. Therefore, there may be cases where the chemical
shift and coupling constant effects are small but NOE evi-
dence exists for residual structure. In combination, the chem-
ical shift, coupling constant, and NOE provide a useful way
of defining the structural characteristics of a denatured state.

Previous studies demonstrated that the urea-denatured state
of GB1 is a random coil with no detectable residual structure
(41). In contrast, our results indicate that the acid-denatured
state of F30H-GB1 has conformations that deviate measurably

FIGURE 13: Plot of backbone steady-state{1H-15N} NOEs versus residue number for acid-denatured F30H-GB1 at pH 3.5. The heteronuclear
NOEs were measured at 5°C (open circles), 25°C (filled circles), and 40°C (open squares).

FIGURE 14: Summary of backbone steady-state{1H-15N} NOEs
for acid-denatured F30H-GB1 at pH 3.5, 5°C, superimposed on
the native structure of GB1. Heteronuclear NOEs are color-coded
as follows: residues with negative NOEs are in red, residues with
zero NOEs (-0.02 to+0.02) are in green, and residues with positive
NOEs are in blue. Regions for which no NOE data could be
obtained are in gray.
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from random coil (φ,ψ)-space. Nativelike residual structure
is present in regions corresponding to theâ1-â2 turn
(residues 9-12), theR-helix (residues 22-38), and theâ3-
â4 hairpin (residues 42-56) in folded protein G. A number
of non-native turn-like interactions are also present in regions
corresponding to theâ1-strand (residues 6-9), theâ2-strand
(residues 14-17 and 18-21), and theR-â3 loop (residues
39-41) in the folded state. Therefore, considerable residual
structure exists in the acid-denatured state with only residues
1-5 in the â1 region being characterized as essentially
random coil.

Line Broadening. A variable-temperature study on the
unfolded F30H-GB1 mutant at pH 3.5 reveals line broadening
of some amide signals in HSQC spectra recorded at low
temperatures. At 0°C, a number of HSQC peaks are severely
line broadened due to intermediate exchange between
conformers with respect to the microsecond-millisecond
time scale of the NMR experiment. As the temperature is
raised, this conformational exchange is more rapid, and the
corresponding line widths become narrower (Figure 12). The
unfolded state is an ensemble of multiple conformations that
are in equilibrium with each other. The slower exchange
between some conformational substates at low temperatures
is due to their relative stabilization in the unfolded protein
(cf. ref 36).

The most significant line broadening is seen for C-terminal
residues 42-55 in F30H-GB1. This region of the polypeptide
chain corresponds to theâ3-â4 hairpin in the folded state.
The observation of line broadening suggests that this region
is conformationally restricted in the acid-denatured state.
Further, coupling constants and NOEs suggest that this region
preferentially populates nativelike conformations. Therefore,
theâ3-â4 hairpin region has a slowed rate of exchange with
other conformers in the ensemble representing the acid-
denatured state. In contrast, other structured regions such as
the â1-â2 turn and the non-native turn-like structures in
the â2 region are in relatively fast exchange with extended
(unstructured) conformers and do not have broadened lines.
Helical residues have somewhat broadened lines but not to
the extent of theâ3-â4 hairpin region, and therefore their
exchange rates with extended conformations are between
those for theâ3-â4 andâ1-â2 regions.

This type of line broadening has been observed in a
number of other NMR studies of denatured proteins and
corresponds with more structured regions that are in inter-
mediate exchange with extended conformations (32, 35, 36,
38). For example, line broadening is seen in cold-denatured
barstar for residues in regions associated with residual
structure (38). Line broadening is also observed at low
temperatures for residues 23-28 of the Uexch state of drkN
SH3 domain (36). These residues are in a non-native turn-
like structure. Mok et al. (37) argue that the presence of this
stable non-native structure reduces the stability of the folded
state and this is the reason the domain has low stability
compared to other SH3 domains. In acid-denatured F30H-
GB1, the most stable residual structure is the nativelikeâ3-
â4 hairpin. Wrabl and Shortle (75) showed that a perturbation
that enhances a native interaction in denatured states always
increases the stability of the native state. The presence of
such stabilized nativelike interactions in the acid-denatured
state of F30H-GB1 is therefore consistent with the high
stability of the native state for wild-type GB1 (13).

It should also be noted that these line broadening effects
are not present when chemical denaturants are used for
protein G (41) and the drkN SH3 domain (35, 36). In these
cases, chaotropic agents such as urea and guanidine hydro-
chloride disrupt residual structure, and the unfolded states
more closely resemble a random coil.

Backbone Dynamics. To study the backbone dynamics of
the F30H-GB1 mutant, a set of variable-temperature{1H-
15N} steady-state NOE experiments was recorded. The
model-free approach (76-78), in which the protein is
assumed to be diffusing isotropically in solution with a single
correlation time, was not used in this analysis. This is because
unfolded proteins do not fit into this description very well
due to additional anisotropy and flexibility introduced when
the protein unfolds.{1H-15N} steady-state NOE experiments
provide qualitative information about protein backbone
dynamics, and this information proved to be useful in our
efforts to understand the folding of protein G.

Since our structural analysis was carried out at 5°C, we
review here the 5°C steady-state{1H-15N} NOE data in
detail. For the most part, the regions of the denatured protein
with residual structure at 5°C also show restricted backbone
flexibility on the nanosecond to picosecond time scale as
evidenced by positive heteronuclear NOEs. The most re-
stricted backbone motions occur in residues corresponding
to theâ1-â2 turn, theR-helix, theR-â3 loop, theâ3-strand,
and parts of theâ4-strand in the folded state (Figure 14).
More backbone flexibility occurs in theâ2 region where non-
native structure is detected in the denatured state, and the
most flexible regions are the N-terminal residues 1-6, the
C-terminal residue 56, and residues 51 and 52. The N- and
C-terminal residues are typically more flexible in unfolded
proteins, so the negative heteronuclear NOEs for residues
1-6 and 56 are not surprising (41, 70-74). On the other
hand, residues 51 and 52 are in theâ4 region, which is
believed to have restricted conformational sampling based
on line broadening data. In addition, the3JHNHR coupling
constants for T51 and F52 are both greater than 9 Hz,
indicating that these residues prefer conformations in the
â-region of (φ,ψ)-space despite their greater flexibility than
other residues in the nascentâ3-â4 hairpin of the acid-
denatured state. This flexibility may be due to concerted
motion of residues 51 and 52 on the picosecond to
nanosecond time scale in such a way thatâ-conformers are
still preferred.

It is interesting to note that while residues 51 and 52 have
negative NOEs (-0.4 to-0.5), residues V54 and T55 have
positive NOEs (ca. 0.2), indicating significant differences
in backbone dynamics along this section of the polypeptide
chain. No data could be obtained for T53 at 5°C. The
structural data show that residues 41-55 are loosely
constrained in aâ-hairpin-like conformation, and the het-
eronuclear NOE results indicate that the ends of this incipient
hairpin are more ordered than residues 51 and 52 of the
interior (Figure 14). To form a stable hairpin, residues W43,
Y45, F52, and V54 need to form a series of favorable
hydrophobic interactions with each other. In the acid-
denatured state, these interactions are not likely to be fully
developed, and the hydrophobic contacts between W43 and
V54 may be more stabilizing than those between Y45 and
F52. While hairpin formation is most likely initiated from
the â-turn, recent work has suggested that it may also
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start by clustering of hydrophobic residues to form a loop
(79). Our results say nothing about folding kinetics, but
they are at least consistent with a picture of the nascent
â-hairpin having more ordered interactions at its ends than
the interior.

Comparison with Peptide Fragment Studies. A number
of CD and NMR studies have been carried out in water and
water/trifluoroethanol (TFE) on peptide fragments corre-
sponding to theâ1-â2 hairpin (residues 1-20), theR-helix
(residues 22-38), and theâ3-â4 hairpin (residues 41-56)
(23-26). Fragments corresponding to residues 2-19 (24)
and 1-20 (25) of the â1-â2 hairpin have been shown to
be mostly random coil in water with some turn conformations
from residues 6-10 and residues 14-15. In contrast, our
data show more extensive turn structures from residues 6-12,
residues 14-17, and residues 18-21 in fast exchange with
random coil conformations. Nativelike NOEs corresponding
to theâ1-â2 turn (residues 9-12) are detected in the acid-
denatured state of F30H-GB1 which do not appear in the
peptide fragments in water.

Fragments corresponding to residues 21-40 (25) and 19-
41 (26) give differing results. Fragment 21-40 is essentially
random coil in aqueous solution with very little helical
content (∼5%). Fragment 19-41, on the other hand, has
helical structure from residues 22-32, and V21 forms a non-
native hydrophobic staple with A26 which stabilizes the
N-terminal half of the helix. These structures are in rapid
exchange with random coil conformations. In the acid-
denatured state of F30H-GB1, our results indicate that helix/
turn conformations persist from residues 22-32 and residues
34-38 with a number of (i, i+2), (i, i+3), and (i, i+4) NOEs
being detected (Figures 8 and 9). Although the V21-A26
interaction is not observed, an (i, i+4) NOE contact from
D22 to A26 is detected and non-native turn structures are
found for residues 18-21 leading into this region, as
described above. The C-terminal half of the helix is therefore
considerably more structured in the acid-denatured polypep-
tide, and residues 34-39 correspond to a stabilizing Schell-
man motif in the native state. Further, a non-native turn
structure is detected at the C-terminal end of the helix for
residues 39-41 in acid-denatured F30H-GB1.

Fragment 41-56 (23, 25) corresponds to theâ3-â4
hairpin and has nativeike structure in water (∼40%â-hairpin
from CD). The resonances are quite narrow, indicating rapid
exchange with random coil conformations. In contrast, amide
resonances in theâ3-â4 region of acid-denatured F30H-
GB1 are significantly line broadened and are in intermediate
exchange with extended structures. The slowed conforma-
tional exchange in F30H-GB1 indicates that theâ3-â4
hairpin structure is more stabilized in the full-length polypep-
tide chain than in the peptide fragment. These results, along
with earlier amide temperature coefficient data, suggest
additional medium-to-long-range interactions in the longer
polypeptide chain that are not present in the peptide
fragments in water. The comparisons underscore the dif-
ficulty of using peptide fragments where truncation of the
chain by only one or two residues can have large effects on
structure. It is also interesting to note that the use of water/
TFE in the peptide fragment studies leads to increased
structure in theR-helix andâ-hairpins and it is thought that
the presence of TFE may strengthen intramolecular hydrogen
bonds (80) and mimic the interior of a protein (81).

There is no direct NOE evidence for longer range
interactions between secondary structure motifs in the acid-
denatured state, but such contacts, even if transient, would
lead to mutual stabilization of the interacting regions.
Nativelike interactions between (1) the hydrophobic faces
of the nascentâ3-â4 hairpin and the N-terminal half of the
R-helix and (2) the C-terminus of the helix and theâ1-â2
turn would help to explain the enhanced stability and
structure of these regions in the acid-denatured state relative
to the peptide fragments. Further non-native contacts may
also be possible. However, these interactions are limited to
intramolecular events since more dilute samples of F30H-
GB1 exhibit identical NMR characteristics.

Implications for Folding. The mechanism for how protein
folding gets started is still not well understood. Characteriza-
tion of initiation sites on the polypeptide chain in real time
has proved to be difficult due to their transient nature. Pulse-
labeling experiments, for example, cannot probe folding
events that occur faster than the dead time of the quench
flow mixing device, typically 1-5 ms. In the case of GB, as
well as other small proteins exhibiting two-state kinetics (14),
much of the folding reaction occurs within the dead time,
and little is known about the very early events occurring in
this burst phase (16). Recent elegant studies of peptide
fragments using laser temperature-jump experiments indicate
that helices can form on the order of nanoseconds to
microseconds and thatâ-hairpins form about 30 times more
slowly (79, 82, 83). This optical method provides important
information about macroscopic folding events, but details
about the folding kinetics of specific residues are more
difficult to obtain. In this regard, NMR studies of denatured
states under equilibrium conditions can provide significant
insights into protein folding and stability. While they do not
give kinetic information, any residual structures that are
detected in the denatured state are potential initiation sites
for protein folding.

Based on our NMR results, we can develop a model for
the acid-denatured state and provide plausible scenarios in
the early folding of protein G which can subsequently be
tested using a combination of mutagenesis and kinetic
studies. Although the acid-denatured state consists of multiple
conformers in rapid exchange with each other, localized parts
of the polypeptide chain clearly prefer certain regions in
(φ,ψ)-space over others. Nativelike conformational prefer-
ences in theâ3-â4 hairpin, theR-helix, and theâ1-â2 turn
suggest that there may be multiple sites for the initiation of
folding. This high degree of preference for nativelike
conformers in the denatured state may help to explain the
rapid kinetics of folding protein G (14).

A number of turn-like conformations are also detected in
the denatured state which do not appear in the corresponding
regions of the folded state. Similar observations have been
made in studies on barstar (38) and the drkN SH3 domain
(35-37). Turns have been shown to provide nucleation sites
for protein folding (84). Dyson et al. (85) showed that some
turn structures could be partially maintained in small peptide
fragments in the absence of the complete polypeptide
sequence. These sites are presumably important in restricting
conformational space at an early stage in folding, thereby
allowing the polypeptide chain to explore productive con-
formations leading to a stably folded protein more efficiently.
Even non-native turn structures may therefore be useful in
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that they restrict further extension of the polypeptide chain.
Two of the four non-native turn conformations in acid-
denatured F30H-GB1 are in the region corresponding to the
â2-strand of the native state. Thus, the intrinsic propensity
of this region of the polypeptide chain is to form off-pathway
helix/turn structures rather thanâ-conformations. In light of
this result, it is interesting to note that theâ2-strand is the
least stable in theâ-sheet as measured from hydrogen
exchange rates of backbone amide protons (17). The
hydrogen exchange data suggest that theâ2-strand unfolds
more readily than the rest of theâ-sheet while the present
study suggests slower folding of theâ2-strand since compet-
ing non-native structures would need to unfold before
refolding to the native state could be achieved. Thus,
structural studies of denatured states also appear to provide
clues as to which regions may fold more slowly. These ideas
could be further tested with mutagenesis and kinetic studies.

Comparison with Theoretical Calculations. Finally, it is
worth comparing our experimental results with a recent
molecular dynamics study on the full-length polypeptide
chain of GB1 (86). In this theoretical model, high-probability
native contacts are detected for the following regions in the
early stages of folding: (1) residues 22-33 of theR-helix;
(2) the â3-â4 turn; and (3) N37-L7, i.e., between the
C-terminus of the helix and theâ1-strand. The observation
of earlyR-helix andâ3-â4 turn formation is consistent with
our experimental observations on the acid-denatured state
of F30H-GB1, but we cannot detect an interaction between
the N37 and L7 side chains. However, we do observe some
structure in the regions of N37 and L7 which is not present
in the corresponding peptide fragments, suggesting the
possibility of similar long-range stabilizing interactions in
the full-length polypeptide chain. Perhaps the most notable
difference from our NMR work is the absence of non-native
conformations during the course of folding in the molecular
dynamics study. These interactions may well play a signifi-
cant role in folding by further restricting the conformational
search problem. Equilibrium NMR studies of denatured states
therefore provide important experimental results which
should be useful in further refinement of computer simula-
tions of protein folding processes.
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